Abstract P2X receptors are expressed on ventrolateral medulla projecting paraventricular nucleus (PVN) neurons. Here, we investigate the role of adenosine 5′-triphosphate (ATP) in modulating sympathetic nerve activity (SNA) at the level of the PVN. We used an in situ arterially perfused rat preparation to determine the effect of P2 receptor activation and the putative interaction between purinergic and glutamatergic neurotransmitter systems within the PVN on lumbar SNA (LSNA). Unilateral microinjection of ATP into the PVN induced a dose-related increase in the LSNA (1 nmol: 38±6 %, 2.5 nmol: 72±7 %, 5 nmol: 96± 13 %). This increase was significantly attenuated by blockade of P2 receptors (pyridoxalphosphate-6-azophenyl-20,40-disulphonic acid, PPADS) and glutamate receptors (kynurenic acid, KYN) or a combination of both. The increase in LSNA elicited by L-glutamate microinjection into the PVN was not affected by a previous injection of PPADS. Selective blockade of non-Nmethyl-D-aspartate receptors (6-cyano-7-nitroquinoxaline-2,3-dione disodium salt, CNQX), but not N-methyl-D-aspartate receptors (NMDA) receptors (DL-2-amino-5-phosphonopentanoic acid, AP5), attenuated the ATP-induced sympathoexcitatory effects at the PVN level. Taken together, our data show that purinergic neurotransmission within the PVN is involved in the control of SNA via P2 receptor activation. Moreover, we show an interaction between P2 receptors and non-NMDA glutamate receptors in the PVN suggesting that these functional interactions might be important in the regulation of sympathetic outflow.
Introduction
The paraventricular nucleus (PVN) of the hypothalamus is considered to be an important integrative center for autonomic and neuroendocrine regulation [1] [2] [3] [4] [5] . The PVN is composed of magnocellular and parvocellular neurons. The former synthesize and release vasopressin and oxytocin in the posterior pituitary [1] , and the latter project to premotor sympathoexcitatory neurons located either in the rostral ventrolateral medulla (RVLM) [6] [7] [8] and/or intermediolateral cell column (IML) of the spinal cord [9] [10] [11] [12] [13] [14] . Numerous neurotransmitters and/or neuromodulators act within the PVN to regulate sympathetic nerve activity (SNA). For example, the inhibition of PVN neurons with either a nitric oxide donor [15] [16] [17] or γ-aminobutyric acid (GABA) receptor agonist [18, 19] reduces renal SNA and systemic blood pressure (BP) in both normotensive and hypertensive rats. Likewise, activation of PVN neurons with excitatory amino acids [20] [21] [22] or GABA A receptor antagonist, biccuculine, [23, 24] increases BP and SNA in both anesthetized and conscious rats. Furthermore, there are several lines of evidence, which highlight the importance of neurotransmitter interactions within the PVN in modulating SNA. For example, Zhang and Patel [25] showed that the inhibitory effect of endogenous NO within the PVN on the renal SNA is mediated by GABA. In relation to the purinergic signaling in hypothalamus, Kapoor and Sladek [26] observed that the application of adenosine 5′-triphosphate (ATP) or phenylephrine in explants of the hypothalamusneurohypophysial system increases vasopressin release, and this effect was more pronounced when both agonists were applied simultaneously, indicating a synergism between the purinergic and adrenergic systems.
ATP is classically recognized as an intracellular energy source; however, over the last five decades this purine and its metabolites have been shown to be extracellular signaling molecules [30] . The neurotransmitter actions of ATP are mediated by P2 purinoreceptors, which are divided into two main classes: P2Y and P2X [27] . The P2Y receptors are G proteincoupled receptors, while P2X receptors are ligand-gated ion channels, permeable to Na . ATP acts as an excitatory neurotransmitter at synapses in the brain, spinal cord, and peripheral nerve terminals. ATP can also be broken down by extracellular ATPases and 5′-nucleotidase to Adenosine diphosphate (ADP), Adenosine monophosphate (AMP), and adenosine, the last of which is taken back up into cells by a specific transporter to resynthesize ATP, which is then incorporated back into secretory vesicles [27, 28, 30] . Adenosine binds to P1 G protein-coupled receptors that have four subtypes (A1, A2A, A2B, and A3); A1 and A3 are inhibitory, while A2A and A2B are excitatory.
Immunohistochemical studies have identified the presence of P2X receptors in the hypothalamus [31] [32] [33] [34] , especially on PVN neurons that project to the RVLM [33] , suggesting that ATP could act as a neurotransmitter within the PVN. Many studies have shown that microinjection of ATP or stable analogs of ATP such as α,β-meATP or purinergic receptor antagonists in the autonomic brain nuclei can affect the arterial BP, heart rate, and respiratory activity [35] [36] [37] [38] [39] [40] . However, the physiological actions of ATP on sympathetic outflow at the level of the PVN are still unknown. Furthermore, ATP exerts important neuromodulatory effects on glutamatergic mechanisms [41, 60] In this regard, Pankratov et al. [41] working with CA1 neurons of the rat hippocampus observed that the inhibition of glutamatergic transmission did not blunt all excitatory postsynaptic currents (EPSCs) and that the residual EPSCs were eliminated after the antagonism of P2 receptors with pyridoxalphosphate-6-azophenyl-20,40-disulphonic acid (PPADS), demonstrating an important contribution of purinergic signaling in this brain nucleus in mediating excitatory effects. However, there are no reports about this purinergic-glutamatergic interaction at the PVN modulating sympathetic activity.
Given the evidence cited above, the aim of the current study was to investigate the role of ATP and its functional interactions with the glutamate receptors when microinjected into the PVN on lumbar SNA (LSNA) of rats. Here, we show that purinoceptor activation within the PVN increases LSNA. Additionally, we demonstrate that ATP and glutamate can act as cotransmitters to modulate sympathoexcitatory responses via activation of P2 and non-N-methyl-D-aspartate (non-NMDA) receptors.
Methods

Animals
Juvenile male Wistar rats (3-4 weeks of age) weighing 50-80 g were used in this study (n=91). The rats were obtained from the colony bred at the Institute of Biomedical Sciences, University of Sao Paulo (ICB/USP) and kept at a constant temperature of 22-24°C and a relative humidity of 50-60 % under a controlled light/dark cycle (12/12 h) with normal rat chow and drinking water ad libitum. All experimental procedures were performed in accordance with the Ethical Principles in Animal Research of the Brazilian College of Animal Experimentation and were approved by the Ethical Committee for Animal Research of ICB/USP (Protocol # 65/2010).
Decorticate, unanesthetized, arterially perfused in situ preparation of rat
The procedures for the decorticate, unanesthetized, arterially perfused in situ preparation of rat (DAPR) were performed as previously described [43] and are outlined here in brief. Rats were deeply anesthetized with halothane (5 %) until loss of paw withdrawal reflex. The stomach, intestines, and spleen were ligated and removed via midline laparotomy. The sternum was split and the ribcage retracted to allow access to the mediastinum. The pericardium was removed and the left phrenic nerve was isolated. The animal was submerged in cooled artificial cerebrospinal fluid (aCSF, see below) and the cerebral hemispheres exposed by removal of the parietal bones. The cerebral cortices, hippocampus, and thalamic area were removed by gentle aspiration. The removal of these structures abrogates the need for further anesthetic use in this preparation. The preoptic area and its adjacent septal nuclei and hypothalamic areas remained largely intact. The preparation was skinned and transferred to the recording chamber. A double-lumen perfusion cannula was inserted into the ascending aorta via the left ventricle. The preparation was perfused at flow rates of 28± 2 mlmin −1 using a roller pump (Watson Marlow 505S, UK) with aCSF containing an oncotic agent (Polyethylene Glycol. 20,000, 1.5 %; Sigma-Aldrich, St. Louis, MO, USA), gassed with carbogen (95 % O 2 and 5 % CO 2 ), warmed to 32°C, and filtered using a nylon screen (pore size: 25 μm). After respiratory-related movements commenced, a neuromuscular blocker (vecuronium bromide, 4 mgml
, Vecuron, Cristália, SP, Brazil) was added to the perfusate to mechanically stabilize the preparation. The second lumen of the cannula was used to monitor aortic perfusion pressure.
Nerve recordings
Phrenic nerve activity (PNA) was recorded from its distal end using a glass suction bipolar electrode held in a 3-D micromanipulator. Rhythmic ramping PNA gave a continuous physiological index of preparation stability and viability. Preparations that did not show ramping PNA were deemed unviable and not included in the study. The lumbar sympathetic chain (L2-L3) was visualized through a binocular microscope and recordings made from the distal cut end using a bipolar glass suction electrode. Signals were AC-amplified (NL104, Neurolog, UK) and band-pass filtered (100-3 kHz) and displayed on a computer using the Spike 2 software (Cambridge Electronic Design, Cambridge, UK). SNA exhibited marked respiratory modulation and was attenuated by an increase in perfusion pressure (arterial baroreceptor stimulation).
Paraventricular nucleus microinjection
The head of the preparation was fixed by ear bars and a nasal clamp mounted on the perfusion chamber. The head was positioned to a precise horizontal level in every experiment to allow accurate and consistent placement of micropipettes into the PVN was performed based on stereotaxic coordinates relative to the superior colliculus (SC), i.e., 2.5-2.7 mm rostral, 0.3-0.5 mm lateral to midline, and 3.2-3.4 mm below the brain surface [42] . A three-barreled glass micropipette (external tip diameter 10-30 μm) was placed into the PVN using a 3-D micromanipulator. The volume microinjected either unilaterally or bilaterally (100 nL each side) was determined by viewing the movement of the meniscus through a binocular microscope fitted with a precalibrated eyepiece reticule. It should be noted that the unilateral microinjections were performed randomly in either the right or left side of the PVN as we had previously observed that the effects on SNA were similar independent of the side of the microinjection.
Histological analysis
At the end of all experiments, Evans blue dye (2 %w/v), contained in one barrel of the three-way micropipette, was microinjected (100 nL) to mark the drug injection sites. The decorticated brain was removed and fixed in 4 % paraformaldehyde in 0.1 M phosphate-buffered saline and 20 % sucrose. Coronal sections (40 μm of thickness) were cut using a cryostat (CM1900, Leica, Switzerland) and thaw-mounted on gelatin-subbed glass slides. Brain sections were visualized under light microscopy (dark field) and the injection sites mapped according to the rat brain atlas by Paxinos and Watson [43] . Only data in which the microinjections were confirmed to be within the PVN were considered in the statistical analysis.
Data analyses
All data were acquired using biopotential AC amplifiers and filters (Neurolog, Digitimer Ltd., UK) and collected using a CED 1401 A-D interface (CED, Cambridge Electronic Design, Cambridge, UK) and a computer running Spike 2 software (CED) with custom-written scripts for data acquisition and on-and offline analyses. LSNA was displayed as a moving average (100 ms or 2 s time constant, depending on the protocol performed). To standardize the data across preparations, LSNA changes were expressed as a percentage of the basal values. The noise for LSNA was assessed by application of hexamethonium (100 mM-0.5 ml) into the perfusate (final concentration: 5 mM) at the end of each experiment. To analyze the duration of an increase in the LSNA evoked by ATP microinjected into the PVN, a cursor was positioned at the beginning of the response, corresponding to the exact moment of the injection of ATP into the PVN, and a second cursor was positioned at the time when LSNA returned to baseline values. Baseline noise was subtracted from the data prior to analyses. For measurement of the magnitude and duration of response to different doses of ATP and α,β-meATP microinjected into the PVN on LSNA, statistical analysis was also performed on values obtained from measuring area under the curve (AUC) using Prism 5 (GraphPad). One-way ANOVA for repeated measures followed by Bonferroni's post hoc test was used, and differences were taken as significant at p<0.05. All values are expressed as the mean ± standard error of mean (SEM) and n is the number of preparations.
Drugs and solutions
Artificial CSF (290 mOsmol/kg) containing in (millimolar): NaCl 120, NaHCO 3 24, KCl 5, CaCl 2 2.5, MgSO 4 1.25, KH 2 PO 4 1.25, dextrose 10; ATP (1, 2.5, and 5 nmol); PPADS (P2 receptor antagonist, 0.5 nmol); α,β-methyleneATP (α,β-meATP, 0.1, 0.5, and 1 nmol); L-glutamate (Lglu, 1 nmol); kynurenic acid (KYN, ionotropic glutamatergic receptors antagonist, 10 nmol); AP5 (NMDA receptor antagonist, 10 nmol); 6-cyano-7-nitroquinoxaline-2,3-dione disodium salt hydrate (CNQX, non-NMDA receptor antagonist, 0.5 nmol); and Evans blue dye (2 %w/v). The drug solutions were freshly dissolved in sterile saline (NaCl 154 mM) and sodium bicarbonate was added to adjust the pH to 7.4. All salts and drugs were purchased from SigmaAldrich unless otherwise stated.
Results
Microinjection of adenosine 5′-triphosphate and α, β-methyleneATP into the paraventricular nucleus induces a dose-related increase in the lumbar sympathetic nerve activity To determine whether the activation of P2 receptors in the PVN would elicit changes to sympathetic outflow, we performed microinjections of random doses of both ATP and α,β-meATP and simultaneously recorded LSNA. We use an L-glu microinjection to functionally identify the PVN as it has been well established that the application of this excitatory amino acid within the PVN increases sympathetic activity. Figure 1a shows traces of LSNA (integrated and raw signals) of four different animals, each representative of groups, which received PVN microinjections of L-glu (1 nmol) and ATP at three different concentrations (1, 2.5, and 5 nmol). Unilateral microinjection of L-glu into the PVN evoked an increase in the LSNA (65±16 %, Fig. 1b ) with a rapid onset and a maximum response being reached within 1 s after the injection. Unilateral microinjections of ATP into the PVN elicited a dose-related increase in LSNA with a rapid onset; 1 nmol: 24± 6 %; 2.5 nmol: 62±8 %; 5 nmol: 95±12 %, relative to baseline values of LSNA (Fig. 1b and c) . The duration of the LSNA Area under the curve (AUC) of LSNA changes after the injections of 1 nmolL-glutamate and 1, 2.5, and 5 nmol ATP into the PVN. d Percentage of changes (basal as 100 %, before injections) in the magnitude of the LSNA (%) and the duration of response(s) elicited by 0.1, 1, and 2 nmol α,β-metATP microinjected into the PVN on LSNA. The maximum dose of α,β-metATP (2 nmol) increased LSNA for at least 3 min after the injection. Results are shown as mean ± SEM. *p<0.05 and ***p<0.001 compared to the lowest dose of ATP or α,β-metATP in the same protocol. One-way repeated measures ANOVA with Bonferroni's post hoc test. Numbers in parenthesis number of experiments responses to ATP from onset until return to baseline values was also dose-dependent. The sympathoexcitation evoked by ATP microinjected into the PVN lasted for approximately 20 to 45 s (Fig. 1b) . Moreover, the responses were reproducible as subsequent microinjections at the same site produced similar responses to the initial injection. The magnitude and temporal profile of the response were independent of the order of injection of the various concentrations of ATP. In addition to ATP, the effects of the enzymatically stable ATP analog, α,β-meATP, were also evaluated. Like ATP, unilateral microinjection of α,β-meATP (0.1, 1, and 2 nmol) into the PVN induced a rapid sympathoexcitatory response that was also dose-dependent (Fig. 1d) . The LSNA responses to α,β-meATP microinjection into the PVN were also rapid and the following maximal changes were observed: 0.1 nmol: 76± 5 %; 1 nmol: 85±20 %; and 2 nmol: 92±32 %, compared to baseline values ( Fig. 1d and e) . The duration of the sympathoexcitation was also dose-dependent, as observed in the ATP protocol. Microinjection of α,β-meATP at 0.1 nmol produced a sympathoexcitatory response lasting 20 to 30 s before returning to baseline values. At a dose of 1 nmol, the α,β-meATP effect on LSNA lasted 45 to 60 s. When the highest concentration of α,β-meATP (2 nmol) was injected, it evoked a sympathoexcitatory response lasting up to 3 min (Fig. 1d) . Additionally, the responses elicited by α,β-meATP microinjected into the PVN were reproducible and did not appear to be subject to desensitization, as repeated microinjections of α,β-meATP with a 5-min interval yielded comparable effects on LSNA both in magnitude and duration.
P2 receptor blockade with pyridoxalphosphate-6-azophenyl-20,40-disulphonic acid attenuates the adenosine 5′-triphosphate-induced sympathoexcitation
The effects of ATP microinjected into the PVN on sympathetic activity were also tested subsequent to treatment with PPADS, a P2 receptor antagonist. Figure 2a shows representative traces of LSNA (integrated and raw signals) from a single experimental animal showing the effects elicited by ATP (2.5 nmol) microinjections into the PVN before and after the administration of PPADS (0.5 nmol) into the same injection site. Unilateral microinjection of PPADS by itself did not elicit any changes to basal LSNA. The amplitude of the sympathoexcitation induced by ATP was not significantly attenuated 5 min after pretreatment with PPADS into the PVN (Fig. 2b , ATP control: 100 % vs. ATP 5 min: 77±13 %, p>0.05, n=8). However, 10 and 15 min after the PPADS administration, the amplitude rise in LSNA evoked by ATP was significantly attenuated; 10 min: 59±6 % and 15 min: 59±5 % (p<0.01, Fig. 2b) . A partial recovery of the LSNA response to ATP was observed 30 min after the application of PPADS although the response to ATP remained attenuated (30 min: 70±9 %). The duration of the ATP-induced responses, 5 min after PPADS application into the PVN was not significantly different to saline controls (ATP control: 29±6 s vs. ATP 5 min: 23±5 s, p>0.05, n=8 , Fig. 2c) ; however, 10 and 15 min following P2 receptor blockade, the duration of the ATP-induced increase in LSNA was reduced to 17±3 s and 19±3 s, respectively (p< 0.01, Fig. 2c ). Unlike the amplitude of the sympathoexcitation, the duration of the effects elicited by ATP on LSNA returned to control values 30 min after PPADS microinjection made into the same site as the ATP microinjections (Fig. 2c , ATP control: 29±6 s vs. ATP 30 min: 28±3 s). Prior microinjection of the vehicle (saline) into the PVN did not affect either the magnitude or the duration of ATP-induced increases in LSNA (Fig. 2b and c) . We also evaluated the effects produced by a different concentration of PPADS (0.3 nmol) in ATP-mediated sympathoexcitation at the PVN. Both concentrations of PPADS (0.3 and 0.5 nmol) were able to attenuate the increase of LSNA and the duration of the response elicited by ATP at the same extension (data not shown). Moreover, bilateral microinjection of PPADS (0.5 nmol; n=7) did not cause significant changes in the basal LSNA (data not shown).
The sympathoexcitatory responses mediated by adenosine 5′-triphosphate microinjections into the paraventricular nucleus is attenuated after ionotropic glutamate receptor blockade In order to elucidate a possible interaction between glutamatergic and purinergic systems in the PVN neurons, ATPevoked increases in LSNA were evaluated following the application of KYN, an ionotropic glutamate receptor antagonist. The increase in sympathetic activity induced by ATP microinjection into the PVN was attenuated at 5 (77± 5 %), 10 (76±4 %), and 15 (79±7 %) min after the application of KYN in the same site when compared to ATP control [100 %, (p<0.05, Fig. 3a) ]. Moreover, the rise in LSNA induced by ATP returned to control values 30 min after KYN (104±9 %). With regard to the temporal profile of the sympathoexcitation evoked by ATP, prior administration of KYN significantly reduced the duration of this response at all time periods evaluated (ATP control: 25±4 s; 5 min: 16±2 s; 10 min: 14±2 s; 15 min: 12±2 s; 30 min: 17 ±2 s, p<0.001, Fig. 3b) . To determine a possible interaction between the glutamatergic and purinergic systems, the sympathoexcitatory effects elicited by L-glu (1 nmol) microinjected into the PVN were tested after P2 purinoceptor blockade with PPADS (0.5 nmol). As demonstrated in Fig. 3c and d, PPADS did not affect the amplitude or temporal profile of the sympathoexcitation elicited by PVN microinjections of L-glu at the same site. In order to verify the effectiveness of the KYN dose (10 nmol), we tested this ionotropic glutamate antagonist on LSNA response to exogenous L-glu (1 nmol) microinjections. As expected, microinjection of L-glu after KYN administration within PVN resulted in a significant reduction in magnitude of sympathoexcitation at 5 min (76±3 %) when compared to L-glu (control: 100 %) or saline (vehicle control: 101±8 %, p<0.05, n=4, Fig. 3c ) over the same time course.
Kynurenic acid facilitates pyridoxalphosphate-6-azophenyl-20, 40-disulphonic acid attenuation of the sympathoexcitatory responses evoked by adenosine 5′-triphosphate in the paraventricular nucleus Once we had established that both KYN and PPADS alone were able to attenuate the ATP-induced sympathoexcitation within the PVN, we next tested the effects of a double blockade of P2 and ionotropic glutamate receptors (with PPADS and KYN, respectively) on responses elicited by ATP on LSNA. Figure 4a shows representative traces of the increase in the LSNA (raw and integrated) evoked by microinjection of ATP into the PVN before and after the antagonism of P2 and ionotropic glutamatergic receptors in the same site. As observed in Fig. 4b and c, the combination of KYN and PPADS attenuated ATP-induced sympathoexcitation both in amplitude (ATP control: 100 %; 5 min: 70±6 %; 10 min: 61± 5 %; 15 min: 75±8 %; 30 min: 82±5 %; n=6) and duration of the responses (ATP control: 22±2 s; 5 min: 13±1 s; 10 min: 13±2 s; 15 min: 14±3 s; 30 min: 13±2 s; n=6). The combination of KYN and PPADS treatments appeared to elicit greater attenuation of ATP-induced increases in LSNA than single antagonist treatment alone, although this was not statistically significant. It should be noted that the microinjection of the mixture of the antagonists directly within the PVN did not elicit any visible change to basal LSNA (data not shown). determine which ionotropic glutamatergic receptor subtypes are involved in this response. First, the increase in the LSNA induced by P2 purinoceptor activation into the PVN was evaluated before and after the application of AP-5 (10 nmol), a specific NDMA receptor antagonist. AP5 did not affect LSNA responses, either in amplitude (Fig. 5a ) or in duration (Fig. 5b) to microinjections of ATP into the PVN. In a different group of animals, we evaluated the effects of non-NMDA receptor blockade on ATP-induced sympathoexcitation using CNQX (0.5 nmol). Figure 5c shows that the rise in LSNA produced by microinjection of ATP (ATP control: 100 %) into the PVN was significantly attenuated at 10 (80±4 %, p<0.05) and 15 (74±5 %, p< 0.01) min after the application of CNQX, with recovery of the response observed 30 min later (85±9 %). However, the duration of the increase in the LSNA elicited by ATP was not altered by CNQX administration (Fig. 5d) . It is important to mention that the effectiveness of AP-5 and CNQX in blocking NMDA and non-NMDA receptors, respectively, was tested against their agonists (NMDA and L-glu) in the PVN, and the effects elicited by the agonists were blunted 5 min after the application of the antagonists at the same site (L-glu and NMDA control: 100 % vs. CNQX: 54±10 % and AP-5: 53±6 %, p<0.05, n=4-6, respectively). It is worth noting that neither AP-5 nor CNQX microinjected into the PVN changed the basal level of SNA (data not shown).
Paraventricular nucleus microinjections
As demonstrated in the schematic diagrams (Fig. 6a) and representative photomicrograph of a typical injection site (Fig. 6b) , all of the microinjections reported here were made within the borders of the PVN as defined by the atlas of Paxinos and Watson [43] . Microinjections located outside of the PVN had no significant effects on LSNA, thus demonstrating that the effects of purinergic receptors agonists and/or antagonist were specific to the PVN. Moreover, in our experimental approach, we are able to use both sides of the PVN to develop different protocols without changing the responses on LSNA induced by different agonists and antagonists used in this work. 
Discussion
The present study provides the first functional data to demonstrate that purinergic activation within the PVN increases sympathetic activity in an artificially perfused in situ rat preparation. This preparation is advantageous as it eliminates the need for anesthetic use, which has been shown to have significant depressive effects on the neural control of autonomic function [44] . We have validated and used this preparation extensively in the past to study the central control of SNA [42, 45] . Another advantage of the preparation is the removal of all circulating blood-borne substances such as angiotensin II and other hormones, which can affect sympathetic nerve discharge and obfuscate the data. Our results suggest that ATP and glutamate can act as cotransmitters at this nucleus to modulate sympathoexcitatory responses via the activation of P2 and non-NMDA glutamate receptors.
There is a growing body of evidence suggesting that purinergic signaling within the PVN can modulate autonomic and neuroendocrine functions [26, 40, [46] [47] [48] [49] . Furthermore, several immunohistochemical studies have demonstrated that PVN neurons express P2X receptors [31] [32] [33] [34] . However, despite the fact that much is known about the anatomical distribution of P2X receptors in the PVN, little is known about the physiological actions of purinergic activation within the PVN on SNA. Our results show that intra-PVN microinjections of ATP and α,β-meATP (a synthetic ATP analog) evoke increases in LSNA in a dose-dependent manner. Moreover, the ATP-mediated sympathoexcitatory responses appear to be specific to the preautonomic neurons located within the PVN, as microinjection of ATP or α,β-meATP in surrounding areas immediately adjacent to the PVN had no effect. As we were primarily interested in the role of the purinergic system in PVN control of sympathetic nerve function, we did not test the effects of ATP in the surrounding hypothalamic areas such as the lateral hypothalamus and dorsomedial hypothalamus. Pharmacological studies showed that α,β-meATP has different affinities for the various P2X receptor subtypes. It is known that P2X1, P2X3 homomeric, and P2X2/3 and P2X1/5 heteromeric receptors have high sensitivity to α,β-meATP [29, 30] . On the other hand, P2X2, P2X4, P2X5, P2X6, and P2X7 homomeric and P2X4/6 heteromeric receptors are fairly insensitive to α,β-meATP [29, 30] . Hence, P2X1, P2X3, P2X2/3, and P2X1/5 are most likely the receptors involved the in PVN-mediated sympathoexcitation evoked by exogenous ATP microinjections. Our results are supported by the findings of Cham et al. [33] who showed that RVLM projecting PVN neurons express P2X1-6 receptors. In addition, ATP induces a rapid, dose-dependent increase in cytosolic Ca 2+ in cultured rat hypothalamic neurons [50] . Taken together, we suggest that the activation of ionotropic P2X receptors by exogenous ATP depolarizes preautonomic PVN neurons that, in turn, activate premotor sympathetic neurons projecting to either or both the RVLM and IML to increase sympathetic outflow.
One important difference observed in this study was the more prolonged effect on LSNA induced by the microinjection of α,β-meATP into the PVN compared with ATP. These differences can be attributed to the degradation of ATP to adenosine, which has inhibitory effects when it binds to A1 receptors. α,βme-ATP is a stable ATP analog that is not broken down to adenosine. Recently, a study published by Li et al. [49] showed that adenosine inhibits the excitability of PVN presympathetic neurons through A1 receptor-mediated opening of K(ATP) channels. Taken together, these data suggest that ATP, when applied exogenously, can be degraded to adenosine and thus reduces the duration of ATP-induced sympathoexcitation. This response is different to those mediated by the application of α,β-meATP, a stable synthetic analog of ATP.
An interesting finding was that ATP does not appear to be tonically released in the PVN, since bilateral application of PPADS within this nucleus did not have any significant effects on the LSNA. Our results are concordant with the studies of Kubo et al. [51] who demonstrated that the application of suramin, a nonselective antagonist of P2 receptors, into the PVN did not affect baseline MAP although they did not measure sympathetic nerve responses. In unanesthetized rats, bilateral microinjection of PPADS within the PVN evoked increases in BP and HR, suggesting that ATP is tonically released in the PVN to control autonomic function [40] . The reasons for the differences between their and our current findings are not clear. Perhaps the difference is due to the fact that we studied the lumbar sympathetic branch and cannot exclude the possibility that other sympathetic branches (i.e., thoracic, renal, and cardiac) might exhibit a different activity profile following P2 receptor blockade. Although PPADS did not alter the basal values of LSNA, it did attenuate the exogenous ATP-evoked sympathoexcitatory effects in the PVN, indicating that this response was partially mediated by purinergic P2 receptors. Interestingly, the ATPinduced sympathoexcitation was not completely antagonized by PPADS. One possible explanation for this might be related to the selectiveness of PPADS for the various P2X receptor subtypes. It is well known that PPADS is a potent antagonist for P2X2, P2X3, and P2X5 homomeric; P2X2/3 and P2X1/5 heteromeric; and P2Y1 receptors [52, 29] , but it has little or no effect on P2X1, P2X4, P2X6, and P2X7 homomeric; P2X4/6 heteromeric; and P2Y2, P2Y4, P2Y6, and P2Y11 receptors [29] . Thus, we can postulate that the ATP-evoked sympathoexcitatory responses were not totally blocked by PPADS due to activation of receptors sensitive to α,β-meATP but are PPADS-insensitive.
Our results show that the ATP-mediated sympathoexcitation in the PVN depends, at least in part, on the activation of ionotropic glutamate receptors. In the past, studies have focused on the purinergic-glutamatergic cotransmission within numerous brain nuclei. It is thought that ATP can be released as a transmitter and interact with presynaptic membrane receptors to modulate glutamate release or act on postsynaptic receptors to increase the function or response of glutamate. Moreover, ATP can also play an important role in glial function by stimulating transmitter release or uptake. In the RVLM, Ralevic et al. [53] and Horiuchi et al. [54] have shown that there does not appear to be an interplay between purinergic and glutamatergic systems. However, in other brain nuclei, several studies have demonstrated that ATP and glutamate can function as cotransmitters [39, 41, [55] [56] [57] . For example, in nucleus of the solitary tract (NTS) neurons, the fast responses to stimulation of P2X receptors are mediated via glutamatergic ionotropic mechanisms [58] . Furthermore, the ATP-mediated parasympathetic activation within NTS is affected by PPADS and KYN, but the sympathoexcitatory response to microinjection of ATP into the NTS was not affected by the blockade of P2, A1, or excitatory amino acid receptors. Given the above findings, we investigated the effects of blocking both the P2 and ionotropic glutamate receptors with PPADS and KYN, respectively, on ATP-evoked sympathoexcitation. Interestingly, the combination of KYN and PPADS did not completely attenuate the sympathoexcitatory response induced by ATP when compared to PPADS alone. This might be related to the fact that PPADS did not affect all purinergic receptor subtypes expressed in the PVN neurons. ATP-glutamate interactions have been demonstrated in neural circuits within the NTS, locus coeruleus, hippocampus, cortex, and supraoptic nucleus in both rats and mice in addition to in vitro preparations. Our results demonstrate that the antagonism of NMDA receptors with AP5 did not alter the ATP-induced sympathoexcitation; however, CNQX, an antagonist of non-NMDA receptors, significantly attenuated the increase of sympathetic activity. This finding suggests that the AMPA/kainate receptors may mediate part of the sympathoexcitatory response induced by purinergic activation in the PVN. Our data are in agreement with the observations of Khakh et al. [59] , where they used P2X2 knockout mice to show that the activation of presynaptic P2X2 receptors was important for Ca 2+ entry and, in turn, increased the frequency of spontaneous and miniature AMPA receptor-mediated glutamatergic currents.
Taken together, we show that purinergic activation of PVN neurons increases LSNA. In addition, there was an interaction between the ATP and glutamate systems at this autonomic brain nucleus. The purinergic-glutamatergic interaction seems to be dependent on activation of postsynaptic P2X receptors located on PVN neurons projecting to sympathetic premotor neurons located either in the RVLM, IML, or both.
Perspectives
Our findings demonstrate, for the first time, that activation of purinergic receptors at the PVN level modulates sympathetic activity. In addition, there is an interaction between purinergic and glutamatergic signaling within PVN neurons that may have important consequences in various physiological and/or pathophysiological conditions. It is well known, for instance, that acute and chronic increases in osmolarity induce alterations in the excitability of PVN neurons, which leads to sympathoexcitation and BP increases. For example, vasopressinergic PVN neurons express P2X4 and P2X6 receptors [34] , and as such, the activation of these receptors may contribute to the neuroendocrine and autonomic adjustments induced by hyperosmolarity. Thus, understanding the precise physiological role of this purinergic-glutamatergic interaction as well as the cellular mechanisms involved is important to better understand pathophysiological conditions related to an overactive sympathetic nervous system.
